Crop production is associated with a range of potential environmental impacts, including field 9 emissions of greenhouse gases, loss of nitrogen and phosphorous nutrients to water and toxicity 10 effects on humans and natural ecosystems. Farmers can mitigate these environmental impacts 11 by changing their farming systems; however these changes have implications for production 12 and profitability. To address these trade-offs, a farm-level model was constructed to capture 13 the elements of a rice-based production system in northern Thailand. Life Cycle Assessment 14 (LCA) was used to generate environmental impacts, across a range of indicators, for all crops 15 and associated production processes in the model. A baseline, profit maximising combination 16 of crops and resource use was generated and compared with a greenhouse gas minimising 17 scenario and an alternative inputs (fertilisers and insecticides) scenario. Greenhouse gas 18 minimisation showed a reduction in global warming potential of 13%; other impact indicators 19 also decreased. Associated profit foregone was 10% as measured by total gross margin. With 20 the alternative farm inputs (ammonium sulphate, organic fertiliser and fipronil insecticide), 21 results indicated that acidification, eutrophication, freshwater and terrestrial ecotoxicity 22 impacts were reduced by 43, 37, 47 and 91% respectively with relatively small effects on profit. 23 2
of farmers will therefore tend not to be optimal from a wider societal viewpoint, particularly if with fixed resources, we can think of changes in TGM as a short run measure of changes in 195 farm profit. 196 Constraints were set using data from Thai government agency reports coupled with other 197 related literature as given in Table 1 and Table 5 . The main limits on production are land, 198 family labour time, water and financial capital during different periods of the year. Capital is 199 the effective farm system limit on hired labour and machinery, as well as purchase of variable 200 inputs for the next season's cropping. We assume a typical situation, where the farmer has long 201 term liabilities in the form of a 15 year loan provided by the Bank of Agriculture and 202 Agricultural Cooperatives. The initial capital position of the farmer was set at Thai Baht (THB) 203 28,500 and short term borrowing through the year was allowed, limited to a maximum of THB 204 50,000 per year, at an annual rate of 7%. Volume of irrigation ponds in Thailand varies 205 considerably (Setboonsarng and Edwards, 1998) ; it was assumed that a 10,000 m 3 pond, with 206 pumping equipment, was adjacent to the farm, with 20% of water lost through evaporation and 207 seepage. Available water in each season was also constrained by rainfall. Transfer activities 208 allowed crops in season 2 and 3 to draw on cash generated in season 1 (and season 2 for crops 209 in season 3) and unused water, subject to the rainfall and pond constraints. 210 The most problematic data were the technical coefficients indicating the efficiency of use of 211 labour and machinery, both for the farm family and for hired labour and machinery. Typical 212 labour use values were available from OAE (2011b) and NSO (2010) . For machinery, work-213 rates (hours required per hectare for each operation, from planting to harvest) were calculated 214 from datasheets provided by Thai agricultural machinery suppliers using conversion rates 215 given in Lander (2000) . However, we recognise that there will be considerable variation in 216 technical efficiency among farms. These work-rates were also used to calculate fuel use, both 217 in the LCA and the bio-economic model. The full model allows for different combinations of crops and inputs, subject to constraints, 219 assuming fixed technical coefficients for conversion of inputs into outputs. An initial run was 220 used to establish the optimal farm plan and associated environmental impact (the baseline 221 scenario); this baseline run was also subjected to a sensitivity analysis of variables and 222 constraints that were key components of the optimal baseline solution. The Model was 223 constructed using the 'Premium Solver Platform' running on Microsoft Excel™.
224
Additional criteria for the alternative scenarios 225 Two alternative scenarios were assessed: GHG minimisation and use of alternative farm inputs.
226
The former represents a case where farmers are free to choose the best plan (from an economic 227 perspective) to meet a specific environmental goal; the latter represents the situation where 228 external agents, for example through a government extension programme, intervene and 229 recommend (or dictate) that farmers make targeted changes to their farm systems. For the GHG 230 minimising scenarios, we establish optimal emissions-minimising combinations of crops and 231 inputs that achieve target levels of profit. Thus, the objective function of the bio-economic 232 model is changed to minimisation of the environmental indicator for a given level of overall 233 farm profitability. Relative to the baseline run profit, emissions are reduced in a way that meets 234 each target profit level. Thus, under these alternative scenarios, minimal private cost is 235 incurred in the form of profit forgone, while the environmental objective is achieved. The 236 changes in farm plan for each profit target can be interpreted as the optimal adaptation path for 237 a farmer with complete knowledge of his or her farm system, but with no knowledge of 238 alternative production methods. The target level of profit was reduced by 10, 30, and 50%, 239 respectively, from the baseline (profit maximising) plan and the effect on the other LCA-240 derived indicators recorded. An additional constraint, to grow rice to at least 2.0 ha, was 241 imposed to ensure that a minimum amount of rice was available to the farmer for household 242 consumption.
The alternative inputs scenario represents an external intervention that aims to reduce the 244 negative environmental impacts associated with the farm system. From the LCA results, the 245 application of urea as N-fertiliser was one of the major sources of direct ammonia emissions 246 contributing to the acidification and eutrophication impacts. It is estimated that 10-25% of urea 247 applied can be lost through volatilisation in general crop production; however, in rice paddy 248 fields, the high pH of flood water can lead to up to 50% of broadcast urea being lost (Laegreid 249 et al., 1999) . In addition to ammonia emissions, the LCA analysis showed that manufacture of 250 urea was the largest contributor to abiotic depletion. As an alternative, ammonium sulphate 251 (AMS) fertiliser, at 21% nitrogen content, was introduced for rain-fed rice in the new scenario; 252 the ratio of replacement is thus urea 1: AMS 2. The emission factor of ammonia to air per kg 253 nitrogen for ammonium sulphate, as indicated in Nemecek and Schnetzer (2011) , is 8% (urea 254 is 15%). Solid dried poultry manure was also introduced as a fertiliser, with nutrient contents 255 of 4.6% nitrogen, 3.3% phosphate and 2.5% of potassium oxide. Fertiliser quantities for each 256 crop were adjusted to provide the same amount of available nitrogen as supplied under the 257 baseline run. Assumptions regarding transportation and application method were the same as 258 for manufactured fertilisers; ammonia losses associated with the use of organic fertiliser were 259 taken from the Agrammon model (Agrammon Group, 2009 ); other emissions were generated 260 from the Ecoinvent database. In addition to fertilisers, pesticides used for rice protection play 261 significant roles in causing terrestrial and freshwater aquatic ecotoxicity. Cypermethrin is a 262 pyrethroid insecticide used to control insect pests such as plant hoppers, worms, moths, aphids 263 and weevils. However, due to its high toxicity to the environment, the use of cypermethrin has 264 been restricted or prohibited in some countries such as India, Vietnam and the UK (Shardlow, 265 2006 , MARD, 2012 , and CIBRC, 2014 . More recently, in 2011, the Minister of Agriculture 266 of Thailand, in collaboration with the International Rice Research Institute, has launched a 267 campaign to reduce use of cypermethrin insecticide in rice (Soitong and Escalada, 2011) . Therefore, fipronil (a phenylpyrazole compound) was substituted for cypermethrin; it has seasons. Rainwater and thus recharge of pond capacity is also a binding constraint in the second 293 season, as rainfall becomes more limited. To grow shallot on all the available land in the second 294 and third seasons would require additional credit of THB 366,199 at the beginning of the 295 cropping year, and an extra 983 m 3 of irrigation water; relaxing these constraints (assuming no 296 additional cost) would lead to full use of available land across the three seasons and a circa 297 90% increase in profit (to THB 539,457 per year).
298
Environmental impacts for the baseline plan are shown in Table 8 . Manufacturing processes 299 for rice fertilisers had the largest impact on resource depletion, as these processes consume a 300 relatively large amount of abiotic resources. Direct field emissions from paddy fields were the 301 main contributors to global warming, acidification and eutrophication impacts. Of all GHGs 302 emitted from paddy fields, methane (CH4) is the main contributor to GWP: the impact of rain-303 fed rice alone accounted for 2,043 kg CO2 equivalent per ha of the farm's annual emissions.
304
The high level of ammonia (NH3) emitted from N-fertiliser applied in the field contributes 305 substantially to the acidification and eutrophication indicators. The impacts associated with 306 toxicity (human toxicity, terrestrial and freshwater aquatic ecotoxicity) were predominantly a 307 function of pesticide use in the field. Triazophos (an organophosphorus compound), used to 308 control leaf miners in shallot production, was the main contributor to human toxicity impact; 309 cypermethrin applied in rice fields contributed most to ecosystems toxicity.
310
Greenhouse gas minimising scenario 311 The optimal farm plan at the target level of THB 251,570 (P-1, 10% lower than the baseline) 312 produced 3.1 ha of rain-fed rice in the first season, 1.1 ha of shallot in the following season and 313 a combination of 1.0 ha of mungbean and 1.7 ha of shallot in the final cropping season (Table   314 7). P-1 generates a 13% reduction in GWP (Table 8) compared to the baseline plan, largely due 315 to the reduction in rice production in the first season. As GHG emissions are reduced, other environmental impact indicators improved although there were differences in extent: for 317 example, at P-3, (30% lower profit), terrestrial eco-toxicity falls by nearly 50%. However, at 318 P-5 (50% reduction in profit, Table 8 ), the trade-off between profit and reduction in GHGs is 319 close to 1:1 and this 1:1 ratio also holds for the other environmental indicators. At P-1, human 320 toxicity is the least 'coupled' impact to GWP reduction: i.e. reducing GHGs reduces human 321 toxicity less than other indicators. For example, at 10% reduction in profit, rice, shallots and 322 mungbean are grown; all of which are associated with the use of organophosphorus compounds 323 (Table 3) .
324
Alternative inputs scenario 325 Compared to the baseline, this scenario leads to a small reduction in profit (6%, Table 8 ). As 
Discussion

350
While previous studies have focused on the environmental impacts from rice production, these 351 have frequently failed to consider the combined farm-environmental system impacts across the (Table 7) . As a legume, mungbean 366 has a relatively low requirement for nitrogen (Table 2 ) and hence a lower global warming 367 potential (Table 3 ) than other crops. It is however notable that the variance of mungbean output 368 is relatively high (OAE, 2011a) and this riskor indeed risk from growing any of the crops -369 is not captured by the model.
370
When new interventions are allowed, under the 'alternative input' run, global warming 371 potential increases marginally (Table 8) relatively easy for farmers to test and learn about before adoption, Pannell et al., 2006) . In the 376 case of organic fertilisers some caveats are needed: the application of such fertilisers on rice 377 fields has been correlated to an increase in CH4 emissions 378 Wassmann Khosa et al., 2010) . In the context of Thailand, however, a field 379 experiment conducted by Sampanpanich (2012) showed that the addition of organic fertiliser 380 on paddy fields reduced GHG emissions by 25-30%. Site specific variability of this kind adds 381 weight to the argument that more site-specific data is needed to more realistically represent the 382 individual farm situation. This also applies to the financial and physical data used to construct 383 the farm level model: individual farms will vary considerably for factors such as yields and 384 variable input use. We have not tested the impact of other interventions for example, policy 385 mechanisms designed to encourage a more ecological approach to farming in Thailand. One
386
Thai study that also focuses on rice and input use is Stuart et al., 2017. The authors report that 387 adopting integrated management practices led to an increase in net income on farms and a 388 decrease in the use of high environmental impact inputs such as fertiliser -suggesting that 389 changes in input use can have both economic and environmental benefits.
To further encourage uptake of practice change, farmers could be given LCA information environmental impacts associated with rice-cropping systems in northern Thailand. A farm-component of the analysis comprehensively captures environmental impacts according to 465 recognised standards. Further work is needed to fulfil the potential of the associated farm level 466 model, both to capture variability of input and output data across farms and to achieve greater 467 understanding of the nature and range of the impact mitigating farm management practices 468 available to farmers in northern Thailand. Reliable socio-economic data need to be collected 469 to fill data gaps so that models reflect a more realistic situation for a specific farm. In addition, (2010), DOA (2009 ) and DOAE (2001 Machinery and farm operations BEM, LCA NSO (2010), Chamsing et al. (2006) , and Soni et al. (2013) Water and Irrigation BEM, LCA Royal Irrigation Department (2010 and Setboonsarng and Edwards (1998) Methane and Nitrous Oxide emissions (to air) LCA IPCC (2006) and FAOSTAT (2011) Ammonia and Nitrogen Oxide emissions (to air); PO4 loss (to water)
LCA
Nemecek and Schnetzer (2011) NO3leaching to ground water LCA Pathak et al. (2004) and Asadi and Clemente (2003) Emissions from fuel combustion LCA Nemecek and Kägi (2007) Pesticide contamination LCA Nemecek and Schnetzer (2011) Indirect emissions LCA Ecoinvent version 2 in SimaPro 7.3 a Alternative inputs i.e. poultry manure, ammonium sulphate fertiliser, and fipronil insecticide were combined as one run. Percentage impact figures are reduction in impact from the baseline values. Key: Total Gross Margin (TGM); Abiotic Depletion (ADP); Global Warming (GWP100); Human Toxicity (HTP); Freshwater Eco-toxicity (FAETP);
Terrestrial Eco-toxicity (TETP); Eutrophication (EP); Acidification Potentials (AP); Global Warming Potential (GWP); Thai Baht (THB); (Sb = Antimony (Sb); Sulphur Dioxide (SO2); Phosphate (PO4); Carbon Dioxide (CO2); 1,4-Dicholrobenzene (1,4-DB) 
